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Introduction
Ionic liquids are receiving growing interest from both aca-
demia and industry.[1] They are organic salts with low melt-
ing points that can exhibit intrinsically useful properties
such as a wide liquid range (up to 400 8C), a negligible
vapor pressure, a large electrochemical window, and a high
electrical conductivity. An unusual feature of ionic liquids is
the tunability of their chemical and physical properties by
selection of appropriate anion–cation combinations. Al-
though most of the reports are still focusing on their use as
reaction media for organic reactions, these liquids are at-
tracting increasingly the attention of inorganic and materials
chemists. Ionic liquids have been applied for the synthesis of
zeolites and nanoparticles,[2] and in electrochemical applica-
tions, for example, as electrolytes in batteries and in photo-
voltaic devices, but also as a medium for electrodeposition
or electropolishing of metals.[3] Recent reports described
lanthanide-doped ionic liquids as interesting substances with
luminescent properties and good photochemical stability.[4]
Metal-containing ionic liquids are regarded as promising
new materials that combine the properties of ionic liquids
with additional intrinsic magnetic, spectroscopic, or catalytic
properties, depending on the incorporated metal ion.[5] Fur-
thermore, it has been demonstrated that ionic liquids are in-
teresting reaction media for the synthesis of inorganic com-
pounds with unusual properties and they have also been
used for the synthesis of coordination polymers and for the
crystallization and crystal engineering of coordination com-
pounds.[6] The great variety of available ionic liquids can
offer unique possibilities to the inorganic chemist. One
problem is that the solubility of ionic inorganic compounds
in ionic liquids is often very low. The incorporation of func-
tional groups in so-called task-specific or functionalized
ionic liquids can introduce particular capabilities to ionic liq-
uids, such as the ability to interact with a metal center and
thus to contribute to an enhanced solubility of metal salts.[7]
Dyson and coworkers designed a series of nitrile-functional-
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ized ionic liquids that can coordinate to catalytically active
metal centers.[8] For catalytic or electrochemical applications,
specific fine-tunable ionic liquids are desirable that are able
to solubilize metal ions, yet do not block the activity of the
metal centers by strongly coordinating groups.[9] Moreover,
it is desirable that the solvent properties of ionic liquids
should continue to be better understood. Knowledge of the
coordination chemistry of metal complexes of ionic liquids
is important for applications of ionic liquids to electrodepo-
sition of metals, because the coordination chemistry in ionic
liquids often differs from that in aqueous solution and be-
cause not all the metal complexes present in an ionic-liquid
medium are electroactive.[10] Here we report on a series of
nitrile-functionalized pyrrolidinium ionic liquids and on the
electron-donor abilities of these solvents in the dissolution
process of cobalt(II) bis(trifluoromethylsulfonyl)imide (“bis-
triflimide”) salts.
Results and Discussion
The nitrile-functionalized ionic liquids 1-cyanoalkyl-1-meth-
ylpyrrolidinium bistriflimide, [C1CnCNPyr] ACHTUNGTRENNUNG[Tf2N] (n=1, 2, 3,
5; 1A–1D) have been synthesized and characterized (see
Figure 1). The synthesis of the ionic liquids 1A, 1C, and 1D
is straightforward and proceeds by quaternization of N-
methylpyrrolidine with the respective bromoalkanenitrile,
followed by an anion-exchange reaction (Scheme 1a).
The propanenitrile analogue [C1C2CNPyr] ACHTUNGTRENNUNG[Tf2N] (1B) was
prepared by reaction of pyrroli-
dine with acrylonitrile
(Scheme 1b), followed by qua-
ternization with iodomethane
(Scheme 1c). Direct quaterniza-
tion with 3-bromopropaneni-
trile resulted in very low yields
owing to the formation of acryl-
onitrile (see Scheme 1d).
These four liquids 1A–1D
are fluid at room temperature
and immiscible with water. As
is usual for functionalized ionic
liquids, their viscosities are
rather high (345–540 cP at
20 8C) (see Table 1 for selected
physical properties), but they
are readily miscible with other
bistriflimide ionic liquids such
as pyrrolidinium, pyridinium, or
imidazolium salts, so dilution
with other ionic liquids can be
used as a strategy to lower the
viscosity of the nitrile-contain-
ing ionic liquid. The electro-
chemical windows depend on
the alkyl spacer chain length of
the nitrile function, and range
from 3.5 V (1B) to 5.1 V (1D). No single crystals of these
ionic liquids could be obtained, so the ionic liquid
[C4C1CNPyr] ACHTUNGTRENNUNG[Tf2N] (1E) was synthesized as a model com-
pound to study the solid-state structure of these compounds.
In the crystal structure of 1E (Figures 2 and 3), weak hydro-
gen-bonding interactions were found between the anions
and the acidic a-protons of the cations (see Figure 2; O–H=
Figure 1. General structure of the series of nitrile-functionalized pyrroli-
dinium bistriflimide ionic liquids [C1CnCNPyr] ACHTUNGTRENNUNG[Tf2N] (n=1, 2, 3, 5; 1A–
1D).
Scheme 1. a) Quaternization of 1-methylpyrrolidine with bromoacetonitrile; b) synthetic route for the precur-
sor 3-(pyrrolidin-1-yl)propanenitrile; c) quaternization of the precursor with iodomethane. d) side-reaction ob-
served for the direct quaternization of 1-methylpyrrolidine by 3-bromopropanenitrile.
Table 1. Physical properties of the nitrile-functionalized pyrrolidinium
ionic liquids.
Ionic liquid Melting
point [8C]
Density[a]
ACHTUNGTRENNUNG[g cm3]
Viscosity
[cP][a]
Refractive
index[a]
[C1C1CNPyr] ACHTUNGTRENNUNG[Tf2N] (1A) 7 1.157 540 1.4305
[C1C2CNPyr] ACHTUNGTRENNUNG[Tf2N] (1B) <RT 1.512 490 1.4350
[C1C3CNPyr] ACHTUNGTRENNUNG[Tf2N] (1C) <RT 1.475 345 1.4360
[C1C5CNPyr] ACHTUNGTRENNUNG[Tf2N] (1D) <RT 1.435 450 1.4365
[a] Measured at 20 8C.
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2.30–2.47 ) and between the nitrile function and the acidic
a-protons (Figure 3; N–H=2.61 ).
Thermomorphic behavior : The nitrile-functionalized ionic
liquids were found to exhibit a temperature-driven mixing–
demixing behavior (also called thermomorphic or “phase-
switching” behavior) in binary mixtures with alcohols. Criti-
cal binary liquid mixtures involving an ionic liquid have
been considered only very recently.[11] These mixtures, which
can be used as solvents and chemical reaction media consist-
ing of the ionic liquid and another liquid, have been exploit-
ed to perform chemical reactions in the homogeneous phase
and subsequently to vary the temperature, for example, to
separate the catalyst in the ionic-liquid-rich phase or to fa-
cilitate product separation.[12] The critical temperature at
which the nitrile-functionalized ionic liquid and the alcohol
form one phase was found to depend on the chain length of
the nitrile functionality and the chain length of the alcohol.
The critical temperature increases with increasing chain
length of the nitrile functionality (Table 2 and Figure 4).
Whereas methanol is miscible at room temperature with all
nitrile-functionalized ionic liquids, the critical temperatures
of mixtures with pentanol range from 88 8C to 116 8C.
Phase separation of the ionic liquid [C1C3CNPyr] ACHTUNGTRENNUNG[Tf2N]
(1C) and the alcohols is illustrated in Figure 5. The phase
diagrams were determined by equilibration of the binary
mixture at a given temperature, followed by gravimetric
analysis of the ionic-liquid-rich phase (lower layer) and the
alcohol-rich phase (upper layer) by distilling out the alcohol
and comparing the original mass with the remaining (nonvo-
latile) ionic-liquid mass.
Cobalt(II) complexation : Hydrated cobalt(II) bistriflimide,
CoACHTUNGTRENNUNG(Tf2N)2·6H2O, was dissolved in the nonfunctionalized 1-
butyl-1-methyl-pyrrolidinium bistriflimide ionic liquid (see
Figure 2. Single-crystal molecular structure of 1-cyanomethyl-1-butylpyr-
rolidinium bistriflimide (1E), showing weak hydrogen-bonding interac-
tions between cation and anion.
Figure 3. Intermolecular interactions between the cations in the crystal
structure of 1E.
Table 2. Critical temperatures (8C) of binary mixtures of the nitrile-func-
tionalized ionic liquids [C1CnCNPyr] ACHTUNGTRENNUNG[Tf2N] (n=1, 2, 3, 5) with different al-
kanols.
Methanol Ethanol Propanol Butanol Pentanol
[C1C1CNPyr] ACHTUNGTRENNUNG[Tf2N]
(1A)
<RT <RT 45 67 88
[C1C2CNPyr] ACHTUNGTRENNUNG[Tf2N]
(1B)
<RT <RT 52 81 98
[C1C3CNPyr] ACHTUNGTRENNUNG[Tf2N]
(1C)
<RT 30 60 93 116
[C1C5CNPyr] ACHTUNGTRENNUNG[Tf2N]
(1D)
<RT 26 69 94 114
Figure 4. The critical temperatures (transition from a biphasic mixture to
a homogeneous mixture) for the mixtures of the different nitrile-func-
tionalized ionic liquids with ethanol, propanol, butanol, and pentanol.
Figure 5. The liquid–liquid equilibrium phase diagram (coexistence
curve) of the binary mixtures of the ionic liquid 1C with three different
alcohols.
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the schematic view in Figure 7, below). When this solution
was heated to 120 8C in vacuo, the complex was dehydrated.
From a concentrated solution prepared by this method,
single crystals of [C1C4Pyr]2[Co ACHTUNGTRENNUNG(Tf2N)4] (2 ; Figure 6) were
obtained. The solution was deep purple. The crystal struc-
ture of 2 consists of [C1C4Pyr]
+ cations and [CoACHTUNGTRENNUNG(Tf2N)4]
2
anions. The cobalt(II) ion is centrosymmetric and hence lo-
cated on the inversion center (space group P1¯) and octahe-
drally surrounded by two bidentately and two monodentate-
ly coordinating bistriflimide [Tf2N]
 anions. When
[C1C1CNPyr] ACHTUNGTRENNUNG[Tf2N] (1A) solution (6 equiv) was added to the
solution its color changed slightly to light purple (see
Figure 7 and the UV/Vis spectrum in the Supporting Infor-
mation). From this solution, the solvate [Co(C1C1CNPyr)2-
ACHTUNGTRENNUNG(Tf2N)4] (3) (Figure 8) was crystallized.
In the crystal structure of 3, two centrosymmetric cobalt
complexes are present in the asymmetric unit and the cobal-
t(II) ions are octahedrally surrounded by four monodentate-
ly coordinating bistriflimide anions and the nitrile function
of two axially coordinating [C1C1CNPyr]
+ cations.
[Co(C1C1CNPyr)2 ACHTUNGTRENNUNG(Tf2N)4] (3) was also found to be accessi-
ble by directly dissolution of hydrated cobalt(II) bistrifli-
mide, CoACHTUNGTRENNUNG(Tf2N)2·6H2O, in the ionic liquid [C1C1CNPyr] ACHTUNGTRENNUNG[Tf2N]
and dehydraton of the solution by the previously described
treatment (120 8C, in vacuo). Comparison of the IR spectra
(see the Supporting Information) and the UV/Vis spectra of
the solutions with those of the solid state point to similar co-
ordination of cobalt(II) in both phases. Addition of the cya-
noethyl-functionalized pyrrolidinium bistriflimide ionic
liquid [C1C2CNPyr] ACHTUNGTRENNUNG[Tf2N] (1B ; 6 equiv) to the [C1C1CNPyr]-
ACHTUNGTRENNUNG[Tf2N] (1A)-containing solution of cobalt(II) resulted in the
solution changing color from purple to orange (Figure 7; see
also the UV/Vis spectrum in Figure 13, below). From such a
solution, the solvate [Co(C1C2CNPyr)6] ACHTUNGTRENNUNG[Tf2N]8 (4) was ob-
tained. The crystal structure of this compound consists of
the highly charged cation [Co(C1C2CNPyr)6]
8+ and heavily
disordered, noncoordinating bistriflimide anions. Cobalt(II)
is surrounded octahedrally by six coordinating nitrile groups
of the [C1C2CNPyr]
+ cations (Figure 9). The Co–N distances
range from 2.06(2) to 2.12(2)  but do not exhibit signifi-
cant Jahn–Teller distortion but the standard deviations of
the distances are rather high, owing to the large R factors of
4.
[Co(C1C2CNPyr)6]ACHTUNGTRENNUNG[Tf2N]8 (4) could also be obtained direct-
ly by dissolving hydrated cobalt(II) bistriflimide, Co-
ACHTUNGTRENNUNG(Tf2N)2·6H2O, in the ionic liquid 1B and subsequent dehy-
dration of the solution. The melting point is low (57 8C) and
4 can therefore be regarded formally as a metal-containing
ionic liquid. Clearly, the ionic liquid with the more distinct
separation between the nitrile function and the positively
charged nitrogen has a stronger coordinating ability for the
metal cation.
Figure 6. Molecular structure of [C1C4Pyr]2[CoACHTUNGTRENNUNG(Tf2N)4] (2). One 1-butyl-
1-methylpyrrolidinium cation is omitted for clarity.
Figure 7. Top: the reactions in the ionic liquids; bottom: color changes in
the ionic liquid solutions.
Figure 8. Molecular structure of the solvate cobalt(II) bis(1-cyanomethyl-
1-methylpyrrolidinium) bistriflimide [Co(C1C1CNPyr)2 ACHTUNGTRENNUNG(Tf2N)4] (3). Only
one cobalt(II) complex is shown.
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Hydration and dehydration : In contrast to the solvate
[Co(C1C2CNPyr)6]ACHTUNGTRENNUNG[Tf2N]8 (4), [Co(C1C1CNPyr)2ACHTUNGTRENNUNG(Tf2N)4] (3)
was found to be sensitive to hydrolysis when exposed to air.
Uptake of at least one water molecule was observed and the
crystal structures of [Co(C1C1CNPyr)2ACHTUNGTRENNUNG(Tf2N)4nACHTUNGTRENNUNG(H2O)n]ACHTUNGTRENNUNG[Tf2N]n
(n=1 (5), 2 (6)), with one or two water molecules replacing
the monodentately coordinating bistriflimide anions, were
determined (see Figures 10 and 11). The uptake of water
molecules is reversible: water can be removed by heating
the solution to 120 8C in vacuo (Figure 12). This can be re-
garded as one of the major advantages of ionic liquid solu-
tions: in contrast to solutions in volatile organic solvents
such as acetonitrile, the metal compounds can be dehydrat-
ed reversibly because the solutions can withstand tempera-
tures up to 160 8C and do not evaporate under vacuum at
these temperatures.
[Co(C1C1CNPyr)2 ACHTUNGTRENNUNG(Tf2N)3 ACHTUNGTRENNUNG(H2O)] ACHTUNGTRENNUNG[Tf2N] (5) crystals were ob-
tained after exposure of crystals of 3 to the air for several
hours.
The crystal structure of 5 consists of [Co(C1C1CNPyr)2-
ACHTUNGTRENNUNG(Tf2N)3ACHTUNGTRENNUNG(H2O)]
+ cations and one noncoordinating bistrifli-
mide anion (Figure 11). The cobalt(II) ion is surrounded oc-
tahedrally by two coordinating nitrile groups of the
[C1C1CNPyr]
+ cations, three monodentately coordinating
[Tf2N]
 anions, and one coordinating water molecule. The
noncoordinating bistriflimide anion forms hydrogen bonds
with the coordinating water molecule within an O···O dis-
tance of 2.91 . [Co(C1C1CNPyr)2ACHTUNGTRENNUNG(Tf2N)2ACHTUNGTRENNUNG(H2O)2]ACHTUNGTRENNUNG[Tf2N]2 (6)
crystals were obtained after crystals of 3 had been exposed
to the air for several days. The crystal structure of 6 consists
of [Co(C1C1CNPyr)2ACHTUNGTRENNUNG(Tf2N)2ACHTUNGTRENNUNG(H2O)2]
2+ cations and two non-
coordinating bistriflimide anions (Figure 10). The centro-
symmetric cobalt(II) ion is surrounded octahedrally by two
coordinating nitrile groups of the [C1C1CNPyr]
+ cations, two
monodentately coordinating [Tf2N]
 anions, and two water
molecules. The noncoordinating bistriflimide anions form
hydrogen bonds with the coordinating water molecules with
O···O distances of 2.71 and 2.67 , respectively.
Spectroscopic properties : The pure ionic liquids 1A, 1B,
1C, and 1D were investigated by IR absorption spectrosco-
Figure 9. Molecular structure of the cation [Co(C1C2CNPyr)6]
8+ in the
single-crystal structure of [Co(C1C2CNPyr)6] ACHTUNGTRENNUNG[Tf2N]8 (4).
Figure 10. Molecular structure of [Co(C1C1CNPyr)2 ACHTUNGTRENNUNG(Tf2N)2 ACHTUNGTRENNUNG(H2O)2] ACHTUNGTRENNUNG[Tf2N]2
(6).
Figure 11. Molecular structure of [Co(C1C1CNPyr)2ACHTUNGTRENNUNG(Tf2N)3ACHTUNGTRENNUNG(H2O)] ACHTUNGTRENNUNG[Tf2N]
(5).
Figure 12. Hydration and dehydration of the solvate cobalt(II) bis(1-
butyl-1-(2-cyanoethyl)pyrrolidinium) bistriflimide [Co(C1C1CNPyr)2-
ACHTUNGTRENNUNG(Tf2N)4] (3).
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py. The wavenumber of the CN stretching vibration of the
ionic liquids was found to depend on the chain length of the
attached nitrile function; it decreases from 2265 cm1 (for
the ionic liquid 1A) to 2246 cm1 (for 1D). Solutions of
0.5m Co2+ dissolved in the ionic liquids 1A–1D were inves-
tigated also. In such a solution, an absorption band ap-
peared next to the CN stretching vibration of the ionic liq-
uids, shifted by 44–49 cm1 to higher wavenumbers, which
could be attributed to the stretching vibrations of the CN
functionalities that coordinate to the cobalt(II) ion. This
shift of the vibrational transitions to higher wavenumbers
(Table 3) can be explained by reference to the donor/accept-
or properties of the nitrile group.[13] Octahedral high-spin
cobalt(II) complexes are known to exhibit three main transi-
tions in their absorption spectra. One transition, between
8000 and 10000 cm1, can be attributed to the 4T2g
!4T1g
transition. A broad band at 20000 cm1 can be assigned to
the 4T1g
!4T1g transition. The
4A2g
!4T1g transition appears
at about 12000 cm1 as a very weak band.[14] The main
changes in the spectra of solutions of 2, 3, and 4 in the ionic
liquids were found for the 4T1g
!4T1g transition around
20000 cm1. The UV/Vis spectra of the cobalt(II) complexes
2, 3, and 4 are shown in Figure 13.
Quantum chemical calculations : To investigate the influence
of the chain length on the electron-donor abilities of the ni-
trile function in more detail, a natural bond orbital (NBO)
analysis[15] was performed for the functionalized ionic liquids
(Table 4). The partial charge of the nitrile function (nitrogen
atom N1, partial charge qN1, and carbon atom C1, partial
charge qC1) was determined by Weinholds natural popula-
tion analysis (NPA). For the alkanenitriles 1AA (acetoni-
trile), 1BA (propanenitrile), 1CA (butanenitrile) and 1DA
(hexanenitrile), which were investigated for comparison, the
NPAs of the nitrile group are nearly independent of the
chain length (Figures 14 and 15 and Figure S2 in the Sup-
porting Information). However, for the pyrrolidinium ionic
liquids the partial negative charge of N1 and the positive
charge of C1 both increase with increasing chain length.
Even if the positively charged nitrogen atom of the hetero-
cyclic ring is separated from the nitrile group by five carbon
atoms, a difference in the partial charges is observed upon
comparison with the alkanenitrile.
The lower negative partial charge on the nitrogen atom
N1 of the nitrile group can be explained by a delocalization
of the negative charge toward the positively charged nitro-
gen atom N2 of the pyrrolidinium ring. This effect is re-
duced by increasing the distance between the two charges,
that is, by having a longer alkyl spacer.
The NBO analysis shows a negative hyperconjugation of
the sN1C1 bonding orbital with the s*C1C2 antibonding orbital
(sN1C1!s*C1C2), a negative hyperconjugation of the pN1C1
bonding orbital of the nitrile function with the s*C2N2 anti-
Table 3. Comparison of the wavenumbers (cm1) of the CN stretching
vibration in the IR spectrum before and after dissolution of cobalt(II)
bistriflimides.
Pure ionic
liquid
Cobalt(II) solution
(0.5m)
D
[C1C1CNPyr] ACHTUNGTRENNUNG[Tf2N]
(1A)
2265 2309 44
[C1C2CNPyr] ACHTUNGTRENNUNG[Tf2N]
(1B)
2258 2306 48
[C1C3CNPyr] ACHTUNGTRENNUNG[Tf2N]
(1C)
2252 2299 47
[C1C5CNPyr] ACHTUNGTRENNUNG[Tf2N]
(1D)
2246 2295 49
Figure 13. UV/Vis absorption spectra of solutions of 2, 3, and 4.
Table 4. Comparison of the partial charges (in a.u.) of the nitrile-function
carbon atom (qC1) and nitrogen atom (qN1) for the investigated structures
of the ionic liquids with those of the alkanenitriles (1AA–1DA).
1AA 1A 1BA 1B 1CA 1C 1DA 1D
qC1 0.26 0.19 0.26 0.23 0.27 0.24 0.27 0.25
qN1 0.30 0.17 0.31 0.21 0.31 0.24 0.31 0.27
Figure 14. Comparison of the partial charges of the nitrile-function
carbon (qC1) of the structures investigated (1A–1D) with the alkaneni-
trile analogues (1AA–1DA).
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bonding orbital (pN1C1!s*C2N2) and an additional interaction
for 1B and 1C of the pN1C1 bonding orbital (Table 5). The
negative hyperconjugation of the nitrile function toward the
positively charged nitrogen atom N2 of the pyrrolidinium
ring decreases with increasing chain length. These results
show that the length of the alkyl chain separating the two
charges allows tuning of the metal-coordinating affinity of
the nitrile group of the functionalized ionic liquid.
Electrodeposition : To illustrate the applicability of these ni-
trile-functionalized ionic liquids to the electrodeposition of
metals, the deposition of cobalt metal was investigated.
From a 0.6m solution of Co ACHTUNGTRENNUNG(Tf2N)2 in the ionic liquid 1C, a
closed, crack-free, microcrystalline layer of cobalt metal
could be deposited on a copper working electrode at
0.04 Adm2 (Figure 16). The electrodeposition experiments
were performed at 90 8C to reduce the viscosity of the ionic
liquids and to enhance the electrical conductivity and mass
transfer.
Conclusions
New nitrile-functionalized ionic liquids have been intro-
duced, and the speciation of cobalt(II) metal ions dissolved
in such liquids has been found to depend on the coordinat-
ing abilities of the nitrile functionality. The results demon-
strate that these ionic solvents have tunability and flexibility
that offer promising and unique possibilities to the inorganic
chemist. The complex-forming behavior of nitrile-functional-
ized pyrrolidinium bistriflimide ionic liquids (which can be
considered as nonvolatile analogues of acetonitrile) toward
cobalt(II) ions has been investigated. The coordinating abili-
ty of the nitrile group depends on the length of the alkyl
spacer between the nitrile group and the positively charged
nitrogen atom of the pyrrolidinium ring. Longer alkyl spacer
lengths lead to a higher electron density on the nitrile nitro-
gen atom and thus to a stronger coordination of the nitrile
group to the cobalt(II) ion. When the alkyl spacer length
was increased, a change from mixed nitrile/bistriflimide co-
ordination to all-nitrile coordination was observed. The neg-
ligible vapor pressure and the high thermal stability of these
ionic liquids allow drying of the cobalt(II) solution in the
ionic liquid solvent at elevated temperature in vacuo. This
results in extra-dry solutions from which anhydrous metal
complexes can be crystallized. Solutions of the cobalt(II)
bistriflimide in the nitrile-functionalized ionic liquids were
found to be electroactive and could be used for the electro-
deposition of smooth layers of metallic cobalt.
Experimental Section
General techniques : Elemental analyses (C, H, N) were performed on a
CE Instruments EA-1110 elemental analyzer. FTIR and Raman spectra
were recorded on a Bruker IFS-66 spectrometer. The IR samples were
measured as a thin film between KBr windows. 1H NMR spectra were re-
corded on a Bruker Avance 300 spectrometer (operating at 300 MHz for
1H). The water content of the ionic liquids was determined coulometrical-
ly (Mettler Toledo Coulometric Karl Fischer Titrator, model DL39). The
viscosity of the ionic liquids was measured at room temperature by the
falling-ball method (Gilmont Instruments). DSC measurements were car-
ried out on a Mettler Toledo DSC822e module (scan rate 10 8Cmin1
under helium flow). The densities of the ionic liquids were determined
by using a pycnometer. The refractive indices were measured at 589 nm
using an Abb refractometer (Prisma model, Ceti Instruments). Lithium
bis(trifluoromethylsulfonyl)imide and commercially available ionic liq-
uids were purchased from IoLiTec. All other chemicals were obtained
from Acros Organics or from Sigma-Aldrich.
Crystallography : Some details of data collection and refinement are
given in Tables 6 and 7. X-ray intensity data for [Co(C1C2CNPyr)6] ACHTUNGTRENNUNG[Tf2N]8,
[Co(C1C1CNPyr)2ACHTUNGTRENNUNG(Tf2N)4], [C1C4Pyr]2[Co ACHTUNGTRENNUNG(Tf2N)4], [Co(C1C1CNPyr)2 ACHTUNGTRENNUNG(Tf2N)3-
Figure 15. Dependence of the calculated partial charge (NPA) of the ni-
trile nitrogen on the chain length of the nitrile functionality for the pyrro-
lidinium ionic liquids (1A–1D) in comparison with the alkanenitrile ana-
logues (1AA–1DA).
Table 5. Delocalization of the sN1C1 bonding orbital into the s*C1C1 anti-
bonding orbital, of the pN1C1 bonding orbital into the adjacent s*C2X anti-
bonding orbital, and of the pN1C1 bonding orbital into s*XY antibonding
orbitals toward the N2 or P obtained by the NBO analysis, as well as the
partial charge qN1 of the nitrogen atom.
[a]
1A 1B 1C 1D
pN1C1!s*C2X 20.5 11.4 11.8 11.2
sN1C1!s*C1C2 15.2 14.9 14.2 13.5
pN1C1!s*XY – 3.6 2.3 –
Total 35.7 29.9 28.3 24.7
qN1 0.17 0.21 0.24 0.27
[a] All values are in kJmol1 except the NPAs of N1 (qN1), which are in
a.u.
Figure 16. SEM micrograph of the cobalt deposit obtained by using a so-
lution of Co ACHTUNGTRENNUNG(Tf2N)2 in [C1C3CNPyr] ACHTUNGTRENNUNG[Tf2N] (1C) on a copper working elec-
trode at 90 8C.
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ACHTUNGTRENNUNG(H2O)]ACHTUNGTRENNUNG[Tf2N], and [Co(C1C1CNPyr)2-
ACHTUNGTRENNUNG(Tf2N)2 ACHTUNGTRENNUNG(H2O)2] ACHTUNGTRENNUNG[Tf2N]2 were collected
on a SMART 6000 diffractometer
equipped with a CCD detector using
CuKa radiation (l=1.54178 ). The
images were interpreted and integrat-
ed with the SAINT program from
Bruker.[16] The intensity dataset for the
single crystal of [C4C1CNPyr] ACHTUNGTRENNUNG[Tf2N] was
collected on an Oxford Diffraction dif-
fractometer using graphite-mono-
chromatized MoKa radiation (l=
0.71073 ). All six structures were
solved by direct methods and refined
by full-matrix least squares on F2 using
the SHELXTL program package.[17]
Non-hydrogen atoms were refined ani-
sotropically and the hydrogen atoms
in the riding mode with isotropic tem-
perature factors fixed at 1.2U(eq) of
the parent atoms (1.5U(eq) for methyl
groups). In the crystal structure of
[Co(C1C1CNPyr)2ACHTUNGTRENNUNG(Tf2N)2 ACHTUNGTRENNUNG(H2O)2] ACHTUNGTRENNUNG[Tf2N]2,
X–H distances were left free to re-
fine. In the crystal structure of
[Co(C1C2CNPyr)6] ACHTUNGTRENNUNG[Tf2N]8, the bistrifli-
mide anions are heavily disordered.
The disorder of the anions could be
modeled to some extent and were re-
fined only isotropically; consequently
the residual factors of the structure
remain high. CCDC-736739 (1E),
CCDC-736740 (5), CCDC-736741 (4),
CCDC-736742 (6), CCDC-736743 (3),
and CCDC-736744 (2) contain the
supplementary crystallographic data
for this paper. These data can be ob-
tained free of charge from The Cam-
bridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/
cif.
Electrochemistry : A Solartron Instru-
ments SI 1287 electrochemical inter-
face was used for the electrodeposition
experiments. These experiments were
performed galvanostatically on a pol-
ished copper working electrode. The
temperature was held constant at
90 8C.
Computational methods : The pro-
grams provided by the turbomole[18]
suite were applied, except for the
NBO analysis. Geometry optimization
was carried out by using the BP86[19,20]
density functional, whereby the resolu-
tion of identity approximation can be
employed. The TZVP basis set was ap-
plied for structure optimization. The
convergency criterion of the iteration
cycle was increased to 108 hartree for
all calculations. The Gaussian03[21]
program was employed for the NBO
analysis[15] with the TZVP basis set
and the BP86 functional.
Syntheses
1-Cyanomethyl-1-methylpyrrolidinium
bromide, [C1C1CNPyr][Br]: 1-Methyl-
pyrrolidine (8.52 g, 0.1 mol) and 2-bro-
Table 6. Crystallographic details for the crystal structures of 1E, 2, and 3.
1E 2 3
formula C12H19F6N3O4S2 CoC26H40F24N6O16S8 CoC22H26F24N8O16S8
Mr 447.44 1464.13 1430.00
dimensions [mm3] 0.30.20.2 0.30.30.2 0.30.30.1
crystal system monoclinic triclinic triclinic
space group P21/n (No. 14) P1¯ (No. 2) P1¯ (No. 2)
a [] 7.8894(3) 9.9023(3) 12.2146(3)
b [] 15.0732(7) 11.5500(2) 13.6361(3)
c [] 16.517(1) 12.4022(2) 15.8447(4)
a [8] 90.00 97.798(1) 90.103(2)
b [8] 98.330(4) 101.759(1) 96.733(2)
g [8] 90.00 103.204(1) 110.535(1)
V [3] 1943.5(2) 1327.04(4) 2451.7(1)
Z 4 1 2
1calcd [gcm
3] 1.529 1.832 1.937
crystal shape block plate plate
crystal color colorless purple pink
m (CuKa) [mm
1] 0.352[a] 6.886 7.452
abs. correction none multiscan multiscan
F ACHTUNGTRENNUNG(000) 920 737 1426
meas. reflections 8761 19022 24459
unique reflections 2297 4820 8968
obs. refl. [I0>2s(I0)] 2064 4515 7105
parameters refined 245 369 772
goodness of fit on F2 1.099 1.040 1.033
R1 0.0348 0.0312 0.0451
wR2 0.0787 0.0778 0.1079
R1 (all data) 0.0415 0.0335 0.0615
wR2 (all data) 0.0821 0.0795 0.1191
[a] MoKa radiation.
Table 7. Crystallographic details for the crystal structures of 4–6.
4 5 6
formula CoC64H90F48N20O32S16 CoC22H26F24N8O17S8 CoC22H30F24N8O18S8
Mr 3135.61 1446.00 1466.03
dimensions [mm3] 0.250.20.1 0.250.250.08 0.30.20.15
crystal system triclinic triclinic monoclinic
space group P1¯ (No. 2) P1¯ (No. 2) P21/c (No. 14)
a [] 14.7625(3) 13.9974(5) 13.3736(3)
b [] 20.4850(3) 14.1535(4) 13.5823(3)
c [] 20.7685(4) 15.0860(6) 15.1588(3)
a [8] 74.048(1) 66.547(2) 90.00
b [8] 88.843(1) 67.106(2) 110.220(1)
g [8] 84.384(1) 81.989(2) 90.00
V [3] 6009.6(2) 2525.4(2) 2583.82(1)
Z 2 2 2
1calcd [gcm
3] 1.733 1.902 1.884
crystal shape plate block block
crystal color pink pink yellow
m (CuKa) [mm
1] 5.119 7.259 7.119
abs. correction multiscan refdelf multiscan
F ACHTUNGTRENNUNG(000) 3170 1442 1466
meas. reflections 44082 20724 23145
unique reflections 19806 8502 4909
obs. refl. [I0>2s(I0)] 17431 4518 4303
parameters refined 1352 965 374
goodness of fit on F2 1.109 0.946 1.043
R1 0.2416 0.0739 0.0385
wR2 0.4577 0.1523 0.0923
R1 (all data) 0.2562 0.1281 0.0458
wR2 (all data) 0.4652 0.1691 0.0982
[a] MoKa radiation.
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moacetonitrile (11.99 g, 0.1 mol) were dissolved in toluene (100 mL) at
0 8C. The temperature was raised slowly to 60 8C within 1 h and the mix-
ture was stirred for a further 24 h. A yellowish precipitate was filtered,
washed with diethyl ether, and subsequently dried under vacuum. Yield
18.72 g (91%); m.p. 99 8C; 1H NMR ([D6]DMSO): d=5.17 (s, 2H), 3.69
(m, 4H), 3.26 (s, 3H), 2.13 (m,4H); 13C NMR ([D6]DMSO): d=112.79,
65.30, 50.95, 50.50, 21.98; elemental analysis calcd (%) for
C7H13N2Br·H2O: C 37.68, H 6.78, N 12.56; found C 37.77, H 6.10, N
12.84.
1-(3-Cyanopropyl)-1-methylpyrrolidinium bromide, [C1C3CNPyr][Br]: The
synthesis of [C1C3CNPyr][Br] was analogous to that of [C1C1CNPyr][Br],
starting from 1-methylpyrrolidine (8.52 g, 0.1 mol) and 4-bromobutaneni-
trile (14.801 g, 0.1 mol). Yield 17.402 g (75%); m.p. 123 8C; 1H NMR
([D6]DMSO): d=3.57 (m, 2H), 3.48 (m, 4H), 3.05 (s, 3H), 2.66 (t, 2H),
2.05 (m, 6H); 13C NMR ([D6]DMSO): d=120.04, 65.30, 61.77, 48.07,
21.37, 19.87, 14.14; elemental analysis calcd for C9H17N2Br·0.5H2O (%):
C 44.04, H 7.62, N 11.15; found C 44.42, H 7.61, N 11.17.
1-(5-Cyanopentyl)-1-methylpyrrolidinium bromide, [C1C5CNPyr][Br]: The
synthesis of [C1C5CNPyr][Br] was analogous to that of [C1C1CNPyr][Br],
starting from N-methylpyrrolidine (8.52 g, 0.1 mol) and 6-bromohexane-
nitrile (17.61 g, 0.1 mol). Yield 22.93 g (88%); m.p. 46 8C; 1H NMR
([D6]DMSO): d=3.51 (m, 4H), 3.37 (m, 2H), 3.00 (s, 3H), 2.52 (m, 2H),
2.04 (m, 4H), 1.70 (m, 2H), 1.57 (m, 2H), 1.33 (m, 2H); 13C NMR
([D6]DMSO): d=121.13, 63.74, 62.86, 47.90, 25.19, 24.54, 22.60, 21.36,
16.43; elemental analysis calcd (%) for C11H21N2Br·0.5H2O: C 48.31, H
8.30, N 10.03; found C 49.16, H 8.66, N 10.08.
Precursor 3-(pyrrolidin-1-yl)propanenitrile : 1-(2-Cyanoethyl)-1-methyl-
pyrrolidinium iodide, [C1C2CNPyr][I], was synthesized by the reaction of
pyrrolidine with acrylonitrile,[22] followed by quaternization with iodome-
thane. Direct quaternization with 3-bromopropanenitrile resulted in very
low yields owing to the formation of acrylonitrile. Pyrrolidine (9.00 g,
127 mmol) was mixed with water (50 mL) and stirred at RT. Acrylonitrile
(10.08 g, 190 mmol) was added dropwise. The solution became warm and
it was stirred for 2 h at room temperature (although the reaction was
exothermic, cooling was unnecessary). The product was extracted with
ethyl acetate from the aqueous phase, and the organic layer was dried on
Na2SO4. A pure colorless liquid was obtained after distillation. Yield
90%; b.p. (2–3 mmHg) 57 8C.
1-(2-Cyanoethyl)-1-methylpyrrolidinium iodide, [C1C2CNPyr][I]: 3-(Pyrro-
lidin-1-yl)propanenitrile (12.421 g, 0.1 mol) and iodomethane (14.194 g,
0.1 mol) were dissolved in toluene (100 mL) at 0 8C. The temperature
was raised slowly to RT within 1 h and stirred for a further 4 h. A yellow-
ish precipitate was filtered and washed with diethyl ether and subse-
quently dried under vacuum. Yield 23.91 g (90%); m.p. 124 8C ; 1H NMR
([D6]DMSO): d=3.74 (t, 2H), 3.53 (d, 4H), 3.23 (t, 2H), 3.06 (s, 3H),
2.08 (d, 4H); 13C NMR ([D6]DMSO): d=118.24, 64.22, 57.83, 47.94,
21.37, 13.52; elemental analysis calcd (%) for C8H15N2I: C 36.11, H 5.68,
N 10.53; found C 36.14, H 5.58, N 10.30.
1-Cyanomethyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide,
[C1C1CNPyr] ACHTUNGTRENNUNG[Tf2N] (1A): Lithium bis(trifluoromethylsulfonyl)imide
(11.483 g, 0.04 mol) was dissolved in water (25 mL) and added dropwise
to an aqueous solution of [C1C1CNPyr][Br] (8.205 g, 0.04 mol). The prod-
uct layer was separated from the aqueous phase and washed thoroughly
with water until the AgNO3 test confirmed the absence of remaining bro-
mide impurities. The product was then dried under vacuum. Yield
10.930 g (67%); m.p. 7 8C; 1H NMR ([D6]DMSO): d=4.82 (s, 2H), 3.64
(m, 4H), 3.21 ACHTUNGTRENNUNG(s, 3H), 2.18 (m, 4H); 13C NMR ([D6]DMSO): d= (126.12,
121.87, 117.60, 113.34), 112.39, 65.38, 50.80, 50.34, 21.86; elemental analy-
sis calcd (%) for C9H13N3O4F6S2: C 26.67, H 3.23, N 10.37; found C 26.53,
H 3.43, N 10.51.
1-(2-Cyanoethyl)-1-methylpyrrolidinium bis(trifluoromethylsulfonylimide,
[C1C2CNPyr] ACHTUNGTRENNUNG[Tf2N] (1B): [C1C2CNPyr] ACHTUNGTRENNUNG[Tf2N] was synthesized analogously
to [C1C1CNPyr] ACHTUNGTRENNUNG[Tf2N], starting from lithium bis(trifluoromethylsulfonyl)-
imide (14.35 g, 0.05 mol) and 1-(2-cyanoethyl)-1-methylpyrrolidinium
iodide (13.31 g, 0,05 mol). Yield 15.54 g (74%); m.p.<RT; 1H NMR
([D6]DMSO): d=3.71 (t, 2H), 3.51 (d, 4H), 3.17 (t, 2H), 3.04 (s, 3H),
2.11 (d, 4H); 13C NMR ([D6]DMSO): d= (126.13, 122.02, 117.67, 113.32),
118.00, 64.23, 57.99, 47.74, 21.26, 13.22; elemental analysis calcd (%) for
C10H15N3O4F6S2·H2O: C 27.46, H 3.91, N 9.61; found C 27.58, H 3.66, N
9.52.
1-(3-Cyanopropyl)-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)i-
mide, [C1C3CNPyr] ACHTUNGTRENNUNG[Tf2N] (1C): [C1C3CNPyr] ACHTUNGTRENNUNG[Tf2N] was synthesized analo-
gously to [C1C1CNPyr] ACHTUNGTRENNUNG[Tf2N], starting from lithium bis(trifluoromethylsul-
fonyl)imide (14.35 g, 0.05 mol) and 1-(3-cyanopropyl)-1-methylpyrrolidi-
nium bromide (11.60 g, 0.05 mol). Yield 15.456 g (71%); m.p.<RT;
1H NMR ([D6]DMSO): d=3.55 (m, 2H), 3.40 (m, 4H), 3.00 (s, 3H), 2.58
(t, 2H), 2.10 (m, 6H); 13C NMR ([D6]DMSO): d= (126.19, 121.93, 117.67,
113.41), 119.58, 64.09, 61.84, 47.87, 21.25, 19.80, 13.99; elemental analysis
calcd (%) for C11H17N3O4F6S2: C 30.49, H 3.95, N 9.70; found C 30.12, H
3.29, N 9.33.
1-(5-Cyanopentyl)-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)i-
mide, [C1C5CNPyr] ACHTUNGTRENNUNG[Tf2N] (1D): The synthesis of [C1C5CNPyr] ACHTUNGTRENNUNG[Tf2N] was
analogous to that of [C1C1CNPyr]ACHTUNGTRENNUNG[Tf2N], starting from lithium bis(trifluor-
omethylsulfonyl)imide (14.35 g, 0.05 mol) and 1-(5-cyanopentyl)-1-meth-
ylpyrrolidinium bromide (13.01 g, 0.05 mol). Yield 15.79 g (68%); m.p.<
RT; 1H NMR ([D6]DMSO): d=3.42 (m, 4H), 3.28 (m, 2H), 2.96 (s,3H),
2.46 (m, 2H), 2.09 (m, 4H), 1.73 (m, 2H), 1.61 (m, 2H), 1.39 (m,2H);
13C NMR ([D6]DMSO): d= (126.16, 121.90, 117.63, 113.37), 120.73, 63.86,
63.21, 47.82, 25.15, 24.48, 22.47, 21.29, 16.17; elemental analysis calcd (%)
for C13H21N3O4F6S2 (%): C 33.84, H 4.59, N 9.11; found C 33.59, H 3.47,
N 8.80.
Cobalt(II) bis(trifluoromethylsulfonyl)imide : CoCl2·6H2O (17.84 g,
0.075 mol) was dissolved in water (25 mL) and NaOH solution was
added until the pH was alkaline. The precipitated Co(OH)2·6H2O was fil-
tered and washed thoroughly with water until the washing water was free
from chloride ions (tested with AgNO3). An excess of cobalt(II) hydrox-
ide (15.07 g, 0.075 mol) dispersed in water (25 mL) was added to an aque-
ous solution of HTf2N (28.11 g, 0.10 mol). This mixture was warmed for
24 h to 80 8C under stirring in a vessel equipped with a reflux condenser.
The mixture was cooled to RT, then the remaining excess of cobalt(II)
hydroxide was filtered. The solution was evaporated by using a rotary
evaporator; the purple crystals were subsequently dried in vacuo. Yield
90%; elemental analysis calcd (%) for Co(N ACHTUNGTRENNUNG(SO2CF3)2)2 ACHTUNGTRENNUNG(H2O)6 (727.3):
C 6.61, H 1.66, N 3.85; found C 6.82, H 1.51, N 3.77.
ACHTUNGTRENNUNG[C1C4Pyr]2[Co ACHTUNGTRENNUNG(Tf2N)4] (2): To obtain crystals of [C1C4Pyr]2[CoACHTUNGTRENNUNG(Tf2N)4],
Co ACHTUNGTRENNUNG(Tf2N)2·6H2O (3.64 g, 5 mmol) was dissolved in [C1C4Pyr] ACHTUNGTRENNUNG[Tf2N]
(16.86 g, 40 mmol). The solution was warmed to 120 8C in vacuo in a
Schlenk flask and stirred for 4 h at this temperature. The dark purple so-
lution was then cooled to RT. The compound crystallized as purple plates
only after this solution had been cooled in a deep freezer to 22 8C for
24 h and subsequently left for three days at RT.
[Co(C1C1CNPyr)2 ACHTUNGTRENNUNG(Tf2N)4] (3): CoACHTUNGTRENNUNG(Tf2N)2·6H2O (0.73 g, 1 mmol) was dis-
solved in [C1C1CNPyr] ACHTUNGTRENNUNG[Tf2N] (4.05 g, 10 mmol). The solution was warmed
to 120 8C in vacuo in a Schlenk flask and stirred for 4 h at this tempera-
ture. The dark purple solution was then cooled to RT. The compound
crystallized as pink plates only after this solution had been cooled in a
deep freezer to 22 8C for 24 h and subsequently left for three days at
RT. Compound 3 could also be obtained and crystallized by adding
[C1C1CNPyr] ACHTUNGTRENNUNG[Tf2N] (4.05 g, 10 mmol) to a dehydrated solution (treatment
as described for the synthesis of 2, flask heated in vacuo to 120 8C) con-
taining Co ACHTUNGTRENNUNG(Tf2N)2·6H2O (3.64 g, 5 mmol) in [C1C4Pyr]ACHTUNGTRENNUNG[Tf2N] (16.86 g,
40 mmol).
[Co(C1C2CNPyr)6] ACHTUNGTRENNUNG[Tf2N]8 (4): [Co(C1C2CNPyr)6] ACHTUNGTRENNUNG[Tf2N]8 crystals were ob-
tained by dissolving Co ACHTUNGTRENNUNG(Tf2N)2·6H2O (0.73 g, 1 mmol) in [C1C2CNPyr]-
ACHTUNGTRENNUNG[Tf2N] (4.42 g, 10 mmol), warming the solution to 120 8C in vacuo in a
Schlenk flask for 4 h, stirring it for 4 h at this temperature and then cool-
ing it to RT. Crystallization as orange block-like crystals from this orange
solution occurred only after it had been cooled to 22 8C for 24 h in a
deep freezer and subsequently left for three days at RT.
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